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‘1’he sim and scope of pemnanent  arrays of continu-
ously opera  (inp, G1’S receivers will soon I-ival the current
worldwicie  nelwork of approximately 600 radiosonde
launch sites, l’hc accuracy of ground-based G1’S esti -
]uatcs  of precipitable  water vapor (PWV) has already been
den~oastratcd  throup,h  a number of clirect comparisons
with simultaneous radiosoncle  and water vapor radiometer
(WV]<) rncasurements  of this quaatity (NOAA, 1995). A
GI’S-based  system for determination of PWV offers the
added benefits of more frequent estimates of this quantity
and the potential for near real time availability. ]nclucling
addit irrnal  1’WV  e.sti mates into numerical weather models
could sisnificant!y improve the accuracy of weather fore-
casts.

We describe her-e the components of a GPS-based
systetn that is capable of providing near real time esti -
Inates  of I’WV. I’hese include:

.
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A surface ]neteorological  instrulnent  package capable
of provi(iin.g  accul-ate measurements of barometric
pressure and surface temperature. Ideally, this instru -
lnent package should be interfaced directly to a (,1’S
reccivcr, and incorporate the pressure and tcn\pera-
ture clata clirectly into the G}’S data stream.

A means of transferring both the GPS and surface
nw.te.orological data to a central proccssin.g  facility in
near real time.

A source of, or a means of computing, GI’S  orbits of
sufficient accuracy wkne.ver  new data arrive at the
central processing facility.

An automated data hamiling and analysis system that
can prgducc estimates of 1’WV fro[~l the Cil’S and
sut-face meteorological data and CI1’S orbits whenever
Ilew data ft-om a remote site at-rive at the central pro-
cessing  facility.

in ttlc r-ernainder  of this paper wc describe each of
tlmc requircrncnts  in some detail ancl present the results

of tests that have been performed as part of our effort to
develop a prototype grounc!-basecl system for estitnation
of PWV using the CiPS.

I’he use of G1’S data to estimate precipitablc  water
vapor has been discussed in detail by others (Hevis, 1992;
llevis,  1994; Rocken, 1993). In sun~mary,  the effect of
the atmosphere on the transmission of GPS signals is
modeled as a single zenith “delay” parameter. I’he ccluiv-
alent delay at other elevation angics is determined by a
mapping function that is roughly proportional to the in-
verse of the sine of the elevation angle.. I“his total 7cnith
clelay is modeled as the sum of a hydrost:itic.  or “dry” de-
lay, dLIC to the inciuced clipole effects of all atmospheric
gases, and a “wet” cle]ay clue to the permanent dipole ef-
fect of atlnosphcric  water vapor. IIence.

‘GPS =- TD +- Zw (1)

where ~&_’S  is the tots] 7.erlith  cic]ay estimated fronl the
CiI’S data, T[j is the zenith dry delay, and TW is the zenith
wet delay.

To a high degree of accuracy, the dry delay can be
computecl indcpcnckrlt]y USi[)g the surface barometr ic
pressure nnci the relation (I)avis,  1985):

To = 0.22768(1- .00266  cos[2@]- .00028 ho)-1~0 (2)

where TD is the ciry delay (cm), ho is the height (km) of
the pressure sensor above the geoicl, P. is the surface
pressure (rnbar), and I#J is the latitude of the observing site..
Thus, by combining estimates of ~@s obtainccl  from pro-
cessing CiI’S data, and estimates of ?~ ft-om simultatleous
surface pressure n~casurcmcnts,  it is possible, using liqs.
(1) and (2), to obtain estimates c~f the wet (ielay, 7W

“1’hc zenith wet delays, -CW, at each measurement time
are related to the prccii>itable water, P W, by (llevis,
1994):
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Pw = IITW (3)

whew 1 I is a tcrnpcrature  dependent constant (- 1/6). I I is
related to the re.llac(ivity  coefficients ot’ watel vapor by
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~wPw ((~3/L ) +- k, - i nk , )

where kl, k2, and k3 are the refractivity coefficients for
waler (Smith, 19S3),  m is h’f~jftdd,  the ratio of the molar
rr~asses of water vapor ml dry air, RW is the gas c~r~stant
of water vapor, pW is the mass density of liquid water,
and ~n) is the avemgc  temperature of the atnlosphm  over
the, rcceivcr.  ~nl can be expressed as (I)avis,  1985)

~ ~J(wTz
“] j(Pv/Tqaz (5)

whcte Pv is the pa]-tial pressure of water vapor, ~ is the
tctnpmrture  in Kelvins and the integrals are taken over the
vcrlical coordinate, Z.

An etnpirical relationship bc.twe.cn the surface ten~-
pe.r-ature  measured at the reccivcr and Tn, has been estab-
lished by analysis of data from a large number of ra-
diosoncle launches throughout tbc United States. ‘f’hus it
is possible to estinlate  T“j from the nleasllred sllrfacc
tcmpcmture T~ using

T n) = 70.2+- 0.72T, (6)

‘1’hc accuracy of the. average temperatures computed
using llq. (6) is estimated to be approximately 1-2 “AI
(Ilevis, 1 992).

CON! I’A1{ISON WITI 1 WVR M ICASUlt1th41CN”1’S

Onc means of establishing the accuracy of CiI’S-based
cstilnatcs of 1’WV  is to compare them with those obtainccl
from a well eskrblished tcchniclue such as a water vapor
radimnetry,  Iidar, or ciirect radiosonde nleasuremc.nts  of
water vapor. In this section we present the resutls of a
comparison of ClI’S-based  estimates of PWV with those
obtained from a collocated water vapor radiometer.

‘1’he CiI’S clata used in the WVR comparison were ob-
tained frori]  an 8 channel, dual frequency, ‘J’urbol{ogoe
SNR 80001M G1’S receiver that is in continuous operation
at a site locatecl at the Jet Propulsion laboratory,
}’asadcna,  CA. Simultaneous surface prc.ssurc and ten~pc.rr-
ature. n~casuretncnts  were obtained from a Paroscientific
Model 601611 pressure srmsor  with a stated accuracy of
0.01 ?40 of the nominal atmospheric pressure at the con]-
parison silt. Surface temperatures were obtained from the
tcn]pcmture  sensor contained within the pressur’c se.nsol.

‘l’he  water vapor radiometer used in this comparison
was a S-cbannc.l design de.vcloped at JPI ~ (Kcihm,  1991 ).
lhrring the period of the intercornparisor~,  the WVR opcr-
ate. d continuously in a fixed scanning pattern.
Measurements of the sky brightness tclnperatul”e w’crc
made at a number of elevation angles to allow necessary
gain corrections to be made to the WVR signal. 1’WV es-
timates used in this comparison were obtained from the
WVR n~easurcrmnts  made at zenith.

Cil)S-based  estimates of PWV were obtained by prcJ-
cessing the data with the CJIPSY/OASIS  11 software sys-
tem clcvcloped at J1’1. (1 ichten,  1987; Severs, 1990].
Precise Cil’S orbits, obtained using daIa Iron) a global
nctwolk of ~TI’s  reCeivCI”s,  Were U S e d  in estir]lation of tbc

total zenith tropospheric c{clays.  I)ata from elevation an-
gles as low as 7.0° were processed to estimate the totnl
zenith tropospheric delays from the CiI’S data at the. JPI ~
site..

Iigure  1 shows typical results for 3 days of WVR and
GPS-based  estimates of PWV. ‘l’his figure also illustrates
the effect of including observations at low elevation an-
g,lcs when estimating PWV from CiI’S data. In routine
processing of CiPS data for geodetic purposes, these ob-
servations are often discarded to mitigate the effects of
increased multipath  at lower elevation angles. However,
it is apparent from the results shown in l(ig, 1 that includ-
ing observations at low elevation angles improves the
agreement with the WVR rneasuren~ents  of PWV at this
site.

l’his effect  is also evicicnt in mean values of the I’WV
differences shown in Table 1. I’hcse results clearly indi-
cate that includirr~  observations at lower elevation ang,les
improves the agreement bc(wecn  the CIPS and WV1<  esti-
mates of PWV. I’his  in]provcmcnt  is thought to result
flom breaking  the high degree of corlcl:ltior~ bctwcl:n tbr
total zenith delay and the local vc.rtical position of the
G1’S station location, both of which arc estinmtcd  when
the CII’S  data are processed. “1’he sensitivity of these pa-
rameters to GI)S clatrr is nearly the salnc at higher eleva-
tion angles, and only begins to show si~nificant differ-
ences at low elevation angles. ‘1’o take advantage of these
differences and obtain accurate estimates of the total
zenith delay, it may prove necessary to include CJ1’S

‘l’AIll ,N 1 Summary of G1’S & I’W’V differcuccs

Mean RM S
Min. No. d i ff., cliff.,

l)ates }: Icv.” points rntn Inln

8/1 1- 8/281J 15° 1032 2.47 +. 1.05 2.69

8/1 1- ws~ 7° 1113 0,912 1.03 1.38

9/29 - 10/27’ 15° 1669 1 . 6 9  f 1.02 1.98

9/29 - 10127C 7° 1669 - 0 . 0 7  i 1.07 1.07
‘L.owcsl  elevation an~lc allowed for CJPS otxervalions
bA},erage  })WV  for t}lis period: 19.05  mm.

cAvcra~e  I’WV for this period: 12.66 mm
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l~iyum  1. (kmpatison  of ’prccipitable watel- v:tpo~ll~easLlrcll~el~ts obtainecl from C,I’S data and watcrvapor  mdiormterdata.
“1’hc 3 ll:\ysoftl~easLlrel~~cr~ts  shown here i]lLlstrate theeffe.ct  ofc{ifferent  elevation angiecLltoffs when processing the GPS
cl:it:l toestill~atc ~~rccipitable water vapor. ‘t’he  results obtained Llsinga7°clcvation  an21ecLltoff  cxhibitecl  sl)~allcr diffcrellces. .
with Ibc WVl<l  LXOlts.

olmrvation. s at elevation at~gles below 10°. l’his must be
balanced against tbc clcleterious  effects of increased
nlulli]~ath  noise that may accompany observations at the
lower elevation angles.

When considering the results shown in Table 1, it
must bc re.n~mbered  that there are inherent limitations to
[he accLrracy of both WV]< and C, PS-based estimates of
I’WV. Ananalysis  ofnlajo  rHtorsoLrrce  s(]<Llllgc,  ]99S),
l)i~~ cstil]latcd the oncrr(ain(y  in GI’S-based estimates of
l’WVtobc  1.0-l .4nlnlfor1’WVvalL  resintherangcof5-
Somm.  Sit~~il:irly,  clLlcto Llr]cert:lirltics irlinstrLllllcrlt cali-
brations and retrieval algorithms, thcaccLlracy  of WV]{
rl~c:~sllrcrllerltsof  PWV iscLlrrently  limited to 0.6-2 .6nlnl.
IIe.nce,  the close agreement between the PWV estimates
for the, two techniques dLlring the Octobcr comparison pe-
riod is probably fortuitoLrs ancl does not reflect thetlLrcac-
cLlracy of the G1’S-based  }’WV estimates. F’urthcrmore,
lllis illtct-corll~larisorl”  was carried oLlt in a relatively ciry
cnvironlncnt. A sin~ilarcomparison in amoreh urnid  area
might show larger differences between the two tech-
niques. Nevcrthclcss,  these initial rcsLllts are very encoLlr-
aging, for fLltLire  development of a CIPS-based system for
I’WV cstirnation.

Ilascd Llpon  the rcstrlts of these.tests, we make the
following recol~llller~(latiorls  for G1’S-based  estimation of
precipitable water vapor:

● ]’l CsSLl[C SC1lSOr  Sh{)LllC\  be accurate too.5 n~bar(().2
rnln I’WV) or- better.

. ‘1’emperature sensor shoLr!d be accurate to 10 C or bet-
ter.

● observations at low eleva(ion angles (below 10°)
sboL!ld bc inc]udtxi  toredLrcc  thehias  in the.]’wv  es-
timates.

● Relative heights of the G1’S antenna and pressure
scnsorshoold  be known to aboLrt 1 m.

NItAR RltA1. ‘J’lhll; G1’S-I\ASICI)  ]lSrJ’lh~A’I’ICS  {)}/
1’WV

‘I’o serve as Llscful inpLrttc) nLirrwr-ical weathcrprcdic-
tion models, the ClI’S-based  estimates of l’WV most be
available within a few hours after the data have been
recorded. ‘Ilw GPS-based PWV estimates described in
the previous section req Llired the LISC of precise CJI’S orbits
obtained by processing data from a global network of -W
GPS receivers. llecause  of the time re.qLrircd  to co]lcct
and ~~rocess thcdata  useclto  llrc)viclc  tt~csel>recise  ort]its,  it
is not practical to Lrsc them as the basis for aG1’S-based
system capable of providing near real time 1’WV esti-
mates. For this reason, wc have investigated the Llse of
“predicteci” G1’S orbits as an alternative to the precise or-
bits Llsect in the WVR intercomparison.

l’he preclicte.cl  CiPS orbits used in this study were ob-
tained by Llsing the equations of motion to map the precise
orbits forwarci  in time. Ilcnce,  by Llsing predicted GPS
orbits, it is pmsiblc  to process the clata froln  a G1)S rc-
ceiver/rncteorolog ical sensor package as soc)n as they ar-
rivcatth  cccntra lprocessin  .gfacility. ‘I’hcrcsLllting  l’WV



estimates could be made available shortly aikr receiving
the data,

Ilccausc it is not possible to model perfectly all of the
forces that affect the orbits of (he CiPS satellites, the error
in (be predicted orbits grows as the Iengt}l of the predict-
ion pcl-iod increases. I’his  degradation in the orbit accu-
racy directly translates into redLlced PWV accuracy,
I;urthcrlllore,  since the predicted orbits do not contain in-
lortnation on the satellite clocks, it is necessary to ciiffer-
ence ttlc data from at Iemt two GPS receivers in order to
remove the effects of the satellite clocks, ami allow LrsefLrl
1’WV estimates to be maclc. ] IJespitc these added diffi-
culties, the Llse of predicted orbits cLlrrently offers the
rnmt viable means of obtaining G} ’S- bascci estimates of
I’WV in near real time.

With the 1’WV estimates obtained with precise orbits
serving as a truth model, we evaluate the accuracy of
G1’S-based  estimrttes  of I’WV obtainccl Llsing predicted
or-bits. Several strategies for PWV estirnatiorr with pre-
dicted orbits arc tcstecl and the results compared to the
truth model. llased upon these resLllts, a number of rec-
omnlencirtticrns regarding the LISe of predicted orbits for
1’WV e.stimrrtion are presented,

‘1’he elements of the I’WV cstirnation  process that are
investigated incl Lrdc the effects ofi

. Station sepal-ation on the accuracy of the estimated
1’WV values.

. ‘1’bc time span of the GI’S  data oseci to estimate PWV
values.

. ‘1’hc Icngth of the G1’S  ol-bit prediction period.

● ‘1’hc nulllbcr of sites used when estimating I’WV val -
Ucs.

All rcsLllts presented in this section wcr-c obtained
flc)m Cil’S  ancl surface meteorological clata recorded clur-
ing the month of Octobcr  1995. “[’o remove the e. ffccts of
satcl]ite clocks, it was necessary to form differencecl  G1’S
observations between two or more sites before  e.stimatins
I’WV values at the JPl, site. In addition to the total zenith
trc~posphere. delays, receiver clocks and site positions were
also estimated. in the case of receiver clocks, one site was
chcmn to serve as the “reference” clock and its clock was
nc~t cstimatecl.

I;igure. 2 shows the effects of changing tbc site sepa-
ration on the accuracy of the estimated PWV values. I’hc
degradation i n }’WV  accuracy with clccreasing  site separa -

I ~l)c ~ll,sy softWra[c  ,Isccj ill these analyses is a KalmaII fIltcr ill which

h slllio[l  clock m explicitly modeled in the system stak  equarion as
white ooisc  stochastic proccwes, For the puIposes of this discuwion,
this is equivalent to explicit dift’crcrlcitl~ of the CiPS  obser~,ahlcs.

tion is probably clue tc) increasing cc~rrclation between the
zenith tr-oposphcrc  parameters at the two sites. 7’Iw site
separation nlLlst not be too great, bowevct, since mutual
visibility of the CJPS satellites is required tc) allc)w rc -
rnc)val of clock effects by (ii fferencing the CII)S  obscl-va -
tions.
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liigLrre  2 I’he effect of site separation on the aceLtracy of
G1’S-basccl I)WV estimates. ~’hc JI’I-l’ll\l clistance is
925 km while the J1’1 ,-AOAl distance is 61 km. ‘f ’he
“precise” rcsLllts arc those c)btaincd Llsing pmt-proccssecl
orbits rather than predicted orbits.

~’hc effect c~t changing the clata span is shown in I’ig.
3. I’his  figLrre shows estimates of PWV Lrsing  data from
the J1’I, and I’ictown,  NM sites for data spans c)f 24 h and
3 h. T’his figure clearly shows that I’WV accuracy is cle-
graded with shorter data spans  lo an operational systcm,
bowcvcr,  the tirlie span of the data coLlid be maintaineci at
a flxcd val LIc(e. g. 6-12 h). As ncw CI1’S obscrvatic)ns ar-
rived, they would be appended to the existing data file for
the site and older data would be removed. SLlch a scheme
woLIlcl  effectively prevent any cicgradation  in rrcculacy
dLrc to a shortened (iata span.

It is also possible to usc arbitrarily short clata spans
without any degradation in accLlracy by inclLrdirtg the
Kalman fiitcr covariancc  information frcm earlier process-
ing. l’his tcchni(iLte woLlld  improve the. efficiency clf a
near real tiIILe system by requiring that only the most re-
cent (small) batch of new ciata be prc)cesseci as they arrive.
l’bis would only involve some aciciitional bookkeeping to
keep track of covariance information frc>m carliet  filter
runs.

Another pararnctcx  that can affect I’WV accLrracy is
the lcnsth of the orbit prediction period: the interval bc-
twccn the tirl~c that orbits were last cstirr~atcxi  and the time
that PWV estimates arc rnadc. Ilccausc of cicficicncies  in
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li~ure  3 ‘1’bc  effect of decreasi[~g  the span of the. clata on
[be accuracy of G1’S-based estimates of PWV. These re-
sults wele obtained from data recorchxt  at the JP1, ancl
I’ictown,  NM sites.

the. }J~ysical Inoclels that are used to map the estimated or-
bits f’otward  in time, the accuracy of the predicted orbits
degrades in a quadratic fashion as the prediction interval
incrcascs.  lb]- the orbits used in this study, the orbital ac-
cuiacy (in thrm components) cie.gracled from -0.30 m to
-2.5 In for a pt-ediction  period of 48 hours. Since the
ohils  alc fixed when PWV values are Cstinlated, any
dcy,radation in Ihe accuracy of the preclictrxl orbits will

4.0
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~ 3.0
t

-0 Oh<~<24h

c

Jk
.5 }
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cm 1

-1.0[111111
o 4 8 12 16 20 24

Time (h)
l;i~urc 4 ‘1’lm effect of tbc orbital prediction period, T, on
tl]c [icctIIacy of the l]WV estimates. ~’hc quantity plotted
on the vcltical axis is the difference between the PWV cs-
tin]ates obtaiaed using precise orbits and those obtained
usi[lp,  picdiclmi  orbits. ‘i’tm data used for this plot were
I tcoldcd  at the JI’1, and l’ietown sites on Ott. 20, 1995.

directly affect the accuracy O{ the PWV estimates. l’hc
clfcct of increasing the prediction period is shown graphi-
cally in I;igure 4. It is clear from this figure that extend-
ing the prediction period past one day can result in a sig-
nificant degr:idation of PWV accuracy.

If data from more than two sites are available, then it
is possible to adjust the orbits in the PWV estimation pro-
cess. This should improve the. ficcuracy  of the. PWV esti -
mates and alleviate somewhat the effects of an exterlcieci
prcciiction  perioci. Iigure  5 compares PWV estimates ob-
tained from a two-station case with those obtaineci using
data from three sites, In the three-station case, the pre-
ciictecl orbits were adjusted as part of the PWV estimation
process.
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}’igur-c 5 ‘1’hc effect of adcling data from a third GI’S re-
ceivel on the tlccuracy of l)WV estinlatcs. ‘1’hc twOs[:i -
tion case used (iata from J}’], (JPI M) anri ]’ictown (} ’11 i] ).
‘l’he three-station case addccl (iata from a site rlcar
I’arkfield,  CA (1 ,l{XI). Cil’S orbits were adjusted in the
tht-ce-station  case.

As a result of these ancl other stuciics, we have fornlu-
iated the foliowing  reconlrnenciations  regarding ti]e use of
predicted GI’S orbits for estimation of PWV vaiucs:

●

✎

✎

Site separation must be ialge enough to eiiminatc tbc
effects of corre.la[ions  bet wecn the yen ith tropospbcre
pararnctcrs,  but small enough to aliow diffcrcncing  of
observations to rernovc satciiitc clock effects.

“1’ile dat:i usc(i for 1’WV estimation shouid span at
least 3 hours or covariancc information from previous
estimates ShOUid be ilsed.

I’he  prcciiction pcrio(t for the orbits sboLIici  be nlini-
mimcl to prevent cle,gr-aciation  in the I’WV accuracy
(iue to orbit errors,



● Using daIa from more than two sites allows the pre-
dicted orbits to be adjusted, resulting in more acc  Ll -

ratc I’WV estilnat es,

● It’ orbits are not adjusted, the receiver position should

be estiIna(ed  along with the total zenith clclay.2

‘1’he.se. are in addition to the instrumental accuracy re-
quirc. rncnts discussed earlier in the section describing
Cotnparisons  with WVR measurements.

SUrvlhl  AltY

In this paper we have presented the rec]uircrnents  for
a ground-based systenl  for measurement of precipitable
water vapor in near real time using (he Cllobal Positioning
System. ‘1’bc system clescribecl here relies on the use of
p[-cdictcd  G1’S orbits to allow near real titne estimation of’
}’WV  values  from C,PS and surface meteorological data,
]Iased upon test results presented here, a number of rec-
Orllnlendations  are mrrclc  regarding meteorological instru-
sne.ntation and estimation strategies using predicted CII’S
orbi(s.

7’hc work described in this paper was carried out by
the .lct l’1-opulsion 1.aboratory,  California institute of
‘1’echno]ogy, under contract with the National Aeronautics
and Space. Administration. We woulcl like to thank
Stephen Ke.ihnl  of JP], for providing the WVR data and
for many USCfU]  discussions on the inherent accu]acy of
the WVR  i~lc:}silrc.rller]ts.
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